The ability of adherent cells to sense and adapt to a mechanical stress generated at focal adhesions (FAs) largely occurs through the integrin-mediated interaction between the cytoskeleton, namely actin microfilaments, and extracellular matrix elements, like fibronectin. Here we assessed the contribution of keratin 8 and 18 (K8/K18) intermediate filaments (IFs) in simple epithelial cells in response to a mechanical stress applied on integrins at FAs. To this end, we used monolayer cultures of K8-knockdown H4-II-E-C3 (shK8b1) rat hepatoma cells and their K8/K18-containing counterparts (H4ev). The stress was generated with a laser tweezers mediated force applied on a fibronectin-coated polystyrene bead attached to integrins a5/b1 forming FAs. Measurement of the bead displacement allowed assessment of the viscoelastic response at FAs and the associated surface membrane stiffness. Notably, the loss of K8/K18 IFs in shK8b1 cells revealed an immediate reduction in bead displacements characteristic of a sudden increased in the FA elastic stiffness, incompatible with the K8/K18 IF intrinsic viscoelastic features, but in line with an induced perturbation of the mechanotransduction signals triggered at integrins. In addition, actin microfilament disruption, and to a lesser extent microtubule disruption, led to prominent decreases in the elastic stiffness of FAs, thus identifying actin-MFs and MTs as modulators of the timedependent FA stiffening in both H4ev cells and shK8b1 cells, in response to mechanical stress. On technical ground, the laser tweezers offer a tool of choice to delineate the K8/K18 IF-mediated modulation of cytoskeletal versus signaling activities at FAs in epithelial cells in response to mechanical stress.
Introduction
The ability of cells to sense and adapt to mechanical stresses applied on extracellular matrix (ECM) -integrin -cytoskeleton connections at the surface membrane is critical for basic cellular behaviors such as migration, growth, and apoptosis (Ingber 2006; Ingber and Folkman 1989; Moore et al. 2005; Parker et al. 2002) . In migratory cells, new linkages between ECM ligands and their integrin receptors are formed at the macromolecular adhesion complexes known as focal adhesions (FAs), which in turn are used as sites for the mechanical coupling of actin microfilament (MF)-generated force at the cell front (Galbraith et al. 2002; Lauffenburger and Horwitz 1996) . Conversely, upon ECM deformation, cells experience mechanical stress as a result of a force transmitted to the actin-MFs through integrins and the actin-associated proteins, such as talin and vinculin, which also bind integrins at FAs (Galbraith et al. 2002; Ingber 2006; Jiang et al. 2003; Matthews et al. 2004 ). Such analyses have been carried out in mesenchymal-derived cells using tools that provide a shearing force tangent to the cell surface via integrin-bound ECM ligand-coated microbeads (Jiang et al. 2003; Matthews et al. 2006; Wang et al. 2005) . For instance, photonic force-induced displacement of fibronectin-coated beads with laser tweezers has allowed measurement of the minimal force required for breaking the connection between actin-MFs and integrins a5/b1 at FAs (Jiang et al. 2003) . Moreover, integrins behave as transmembrane mechanical sensors and cytoskeleton-linked transducers (Ingber 2006) , and the extent of microdisplacement resulting from the cell response to mechanical stress applied at FAs has been demonstrated to reflect the localized surface membrane stiffness (Matthews et al. 2004) . In occurrence, the application of a mechanical stress to integrins that form FAs has been shown to result in less surface membrane displacement, i.e., a greater membrane stiffness, than when the same stress is applied to integrins through nonactivating antibodies that fail to promote FA assembly (Huang et al. 2001; Matthews et al. 2006) . Similarly, perturbing the organization of actin-MFs has been found to reduce the membrane stiffness (Wang et al. 1993) , thus recognizing actin-MFs as noticeable contributors of the cellular response to mechanical stress applied at FAs. Still, little is known about the contribution of the other cytoskeleton networks, particularly the cell-type dependent intermediate filaments (IFs) .
Keratins (Ks) constitute the most diversified family of IF proteins with their type I (K9-K20) and type II (K1-K8) classes. Keratin IFs are obligate heteropolymers made of specific type I and II pairs coordinately expressed in a differentiation-dependent manner in epithelial cells (Yamada et al. 2003) . Like all IF types, keratin IF assembly in vitro is a spontaneous energy-independent process that does not necessitate associated proteins (Herrmann and Aebi 2004) . Still, recent imaging of living cells has revealed that keratin IF formation can take place through the involvement of IF particle precursors that originate from actin-anchoring FAs, a process independent of cellular differentiation (Windoffer et al. 2006) . Notably, one key function that is common to all keratin IFs, e.g., the K5/K14 pair in keratinocytes, is their capacity to maintain surface membrane integrity largely through interactions with the cell-cell adhesive junctions, the desmosomes (Coulombe and Wong 2004) . In these stratified epithelial cells, K4/K15 IFs also interact with hemidesmosomes, which contain integrin a6/b4 receptors for the ECM ligand laminin, and together, K4/K15 IFs and hemidesmosomes appear to provide a resilient network at the basal lamina; the same type of network is formed upon keratinocyte seeding on a laminin-coated culture substratum (Litjens et al. 2006 ). However, simple epithelial cells have no hemidesmosomes, which means that their adhesion to an ECM ligand, like fibronectin, in culture occurs through integrin a5/b1 containing FAs (Galarneau et al. 2007; Lee and Juliano 2004) . Besides, IFs from all simple epithelial cells contain K8/K18 and most possess 2 to 3 other keratins as well (Omary and Ku 1997; Pekny and Lane 2007) . Whereas these IFs are known to interact with the desmosomal junctions to form an integrated network across the cell monolayer (Loranger et al. 2006) , their functional involvement in the cellular mechanical stress response at cell-ECM junctions, FAs, is essentially unknown.
In the work reported here, we assessed the contribution of K8/K18 IFs in the H4-II-E-C3 hepatoma cell response to a mechanical stress tangent to the cell surface. Of note, the IFs of these hepatic cells, like those of hepatocytes, are made up of K8/K18 exclusively (Omary and Ku 1997; Oshima 2002) , thus providing a simple epithelial cell model of choice to address K8/K18 IF functions. The experimental protocol incorporated monolayer cultures of K8-knockdown H4-II-E-C3 (shK8b1) rat hepatoma cells, where the lack of K8 leads to the absence of K18, and their K8/K18-containing counterparts (H4ev). Laser tweezers were used to generate a mechanical stress on FAs through a fibronectin-coated bead bound to integrins a5/b1. We then measured in real time the microdisplacement resulting from the cell response to the laser tweezers generated force acting on the bead. The results show that K8/K18 IFs provide a cytoskeletal network that significantly contributes to the cellular mechanical stress response at FAs in simple epithelial cells.
Materials and methods

Laser tweezers setup
The experimental setup mainly consisted of a laser trap coupled to a custom-made inverted microscope and a quadrant photodiode detector (QPD) for measurement of the trapped bead displacement. As shown in Fig. 1 , the trap is made around a linearly polarized 5 W ND:YVO4 fiber laser (IPG Photonics, Oxford, Massachusetts) emitting at 1070 nm. The laser beam goes through a half-wave plate followed by a polarization beam-splitting Gland prism to control the laser power by rotating the half-wave plate orientation. The laser is steered by the gimbals mounted mirror M1 and hot mirror M2 and is coupled by mirror M3 in the back aperture of a 100Â/1.3NA oil immersion objective (Olympus Canada, Mississauga, Ontario). The laser light that is backscattered by a trapped bead is collected by the same objective and is sent by mirror M3 and beam sampler plate (BS) to the QPD (S5981; Hamamatsu, Bridgewater, New Jersey) to monitor the bead position (Huisstede et al. 2005) . A fiber illuminator provides the white light that goes trough a 20Â/0.3NA aspheric lens to illuminate the sample. A single lens (L1) images the sample upon a CCD camera (Panasonic, Secaucus, New Jersey). Illumination light is eliminated from the detection path by a cold-mirror filter in front of the QPD. The backscattered laser beam is stopped by a hot-mirror filter in front of the CCD camera. Coarse positioning of the sample on the microscope stage is done by remotely controlled step motors (MellesGriot, Carlsbad, California). Fine positioning is achieved with a piezoelectric positioning system (Tritor 102 cap; Jena, Hopedale, Massachusetts) with nanometer resolution. The whole system is contained within an environmental chamber that maintains a constant temperature of 37 8C. This laser tweezers setup was used here to trap a polystyrene microbead attached to a cell within a culture monolayer.
Cell cultures
Stable K8-knockdown cells have been generated before in our laboratory using the shRNA technique with the target sequence 5'-ACGGAGATCTCTGAGATG-3' inserted into the vector pSilencer TM 3.1-H1 neo and transfection in H4-II-E-C3 rat hepatoma cells (Galarneau et al. 2007 ). K8-knockdown (shK8b1) cells and empty vector (H4ev) cells were cultured in Dulbecco's modified Eagle high glucose medium (sDMEM) (Invitrogen, Burlington, Ontario) supplemented with 10% fetal bovine serum (WISENT Inc., St-Bruno, Quebec, 100 mg/mL of streptomycin, and 100 U/mL of penicillin at 37 8C in a humidified atmosphere of 5% CO 2 -95% air. Experiments were performed with cells at passages below 20 after clone selections. The shK8b1 cells are routinely monitored for the K8 loss, as described before (Galarneau et al. 2007 ). As shown in Figs. S1A and S1B, 2 K8 and K18 were not detected in shK8b1 cells. In all laser tweezers experiments, cells were seeded in a culture dish made of a thin glass bottom (WPI Inc., Sarasota, Florida) precoated with fibronectin (Galarneau et al. 2007 ) and allowed to form full monolayers. In some experiments, H4ev cells and shK8b1 cells were pretreated for 60 min with 2 mmol/L cytochalasin D or for 30 min with 30 mmol/L nocodazole, before application of the laser tweezers generated force. Fibronectin-coated beads were added 15 min prior to the end of drug treatment.
Bead attachment
Fibronectin-coated beads, prepared according to the manufacturer's protocol (Bangs Laboratories Inc., Fishers, Indiana) were seeded on the cell monolayer to yield 1 bead per 10-15 cells, 15 min prior to stress application. According to a previous report (Galbraith et al. 2002) , bead size is critical for FAs assembly on the dorsal cell surface. Fibronectin-coated beads that are smaller than 3 mm attach to cells but do not lead to FA formation without external force. In fact, it appears that contraction of the cytoskeleton on either side of midsized beads (>3 mm) generates a force that causes the assembly of vinculin to form FAs, whereas smaller beads generate insufficient cytoskeleton force (Galbraith et al. 2002) . On these grounds, our experiments were performed with 5 mm beads. Bead attachment to the cell monolayer was imaged by standard phase-contrast microscopy (Nikon TE2000; Nikon Instruments Inc., Missis- Fig. 1 . Diagram of the laser tweezers setup. The main components are a laser trap coupled to a custom-made inverted microscope and a quadrant photodiode detector (QPD) for displacement measurement of a bead attached to the cell monolayer (CM). Optical path steering is accomplished with mirrors M1 through M3 and the beam splitter plate (BS). The laser power is controlled by a wave plate (l/2) and a Gland prism (Gp). Bright-field illumination is provided by a fiber illuminator (ill), and the lens (L1) forms an image on the CCD camera. Stray light is eliminated from each optical path via appropriate filters. CM coarse positioning of the stage is performed by remotely controlled step motors, whereas the fine positioning is achieved with a piezoelectric positioning device. The system is entirely contained within an environmental chamber maintained at 37 8C.
sauga, Ontario), while the bead displacement upon mechanical stress application with the laser tweezers was monitored by video recording, under bright-field illumination. For the bead attachment assay, H4ev cells and shK8b1 cells were seeded in a 24 well tissue culture plate (Fisher Scientific Ltd., Ottawa, Ontario) as above, and allowed to form full monolayers. The binding specificity of the fibronectincoated beads to integrins a5/b1 at the apical membrane was assessed in a first set of 6 wells following treatment of the monolayer with a purified hamster anti-rat integrin b1 antibody (25 mg/mL; BD Biosciences Pharmingen, San Diego, California) (Rescan et al. 2001 ) 1 h prior to bead seeding. An anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 25 mg/mL; Fitzgerald Industries International Inc., Concord, Massachusetts) was used as a control antibody in a second set of wells. A third set of 6 wells was left untreated and served as a control. Beads were seeded on cell monolayers, allowed to bind for 15 min, and then washed once to remove unattached beads. The number of beads still bound to the cell monolayer was quantified by counting beads in 2 randomly chosen fields in each well set, using a 20Â/0.5NA objective. The bead attachment ratio was calculated as the number of beads remaining attached relative to the number of beads still attached on untreated cell monolayers.
Confocal cell imaging
K8/K18 IFs
Cells were washed twice with PBS at room temperature, fixed for 10 min at -20 8C with methanol, and then incubated overnight at 4 8C with a mouse anti-rat K8 monoclonal antibody (Galarneau et al. 2007 ), followed by a 1-h incubation with Alexa Fluor 488 anti-mouse IgG antibody at room temperature (Invitrogen).
Vinculin
Cells were washed twice with PBS, fixed for 10 min at room temperature with 2% formaldehyde in PBS and for 5 min at -20 8C with methanol-acetone (3:7). They were then incubated overnight at 4 8C with a mouse anti-human vinculin antibody (Sigma-Aldrich, Oakville, Ontario), followed by a 1-h incubation with Alexa Fluor 647 anti-mouse IgG antibody (Invitrogen) at room temperature.
Actin-MFs
Cells were fixed as for vinculin and then incubated for 1 h at room temperature with Alexa Fluor 594 phalloidin (Invitrogen) to reveal fibrillar actin.
MTs
Cells were washed twice with PBS and fixed with 2% formaldehyde in PBS at 37 8C and for 5 min at -20 8C with methanol. They were then incubated overnight at 4 8C with a mouse anti-human b-tubulin antibody (SigmaAldrich), followed by a 1-h incubation with Alexa Fluor 647 anti-mouse IgG antibody (Invitrogen) at room temperature. Images were captured with a FV1000 confocal system (Olympus Canada), using the 488, 543, and 633 nm laser lines for fluorochrome excitation and a 60Â/1.42 NA oil immersion objective.
Mechanical stress application and cellular response
The laser tweezers was used to generate a mechanical stress on FAs through a fibronectin-coated bead bond to integrins a5/b1. Prior to stress application, the bead was positioned with the piezoelectric stage at 1.3 mm ± 0.1 mm away from the trap centre, which corresponded to the upper limit of the QPD linear detection range. The cellular response was acquired during a 20-s period on 40 beads trapped on a bead-by-bead basis within the same cell monolayer; a 2-s lag time, during which the shutter controlling the trap was closed and no light was incident on the detector, was excluded. The data processing, including ANOVA-based statistical analysis, was performed using Matlab Software (The Mathworks, Natick, Massachusetts). Differences in mean displacements with p < 0.01 were considered significant.
Results
FA formation upon fibronectin-coated bead attachment
The attachment of fibronectin-coated beads to the H4ev and shK8b1 cell monolayers was readily recognized by phase-contrast imaging ( Fig. 2A) . Already at 15 min post seeding, confocal imaging of the H4ev and shK8b1 cell apical membrane revealed comparable vinculin recruitments at beads ( Fig. 2A, insets) . Moreover, the bead attachment at the apical membrane did not perturb the vinculin FA recruitment at the basal membrane (Fig. 2B) . In addition, cell pretreatment with an integrin b1 antibody largely inhibited the bead attachment, whereas a pretreatment with a GAPDH antibody had no inhibitory effect (Fig. 2C) , confirming that the fibronectin-coated bead binding to the apical membrane occurred through the integrin a5/b1 complex.
Cell response to mechanical stress at FAs
The cell response to a mechanical stress generated on individual beads initially positioned at 1.3 mm away from the trap centre was associated with a significant bead displacement at 10 s ( Fig. 2D ; 0 and 10 s frames taken from a 20-s video recording, Video S1, provided as Supplementary material). 2 As shown in Fig. 3A , H4ev cells responded to variable extents, as revealed by a wide distribution in displacements. Measurements from 40 beads trapped individually yielded a mean displacement value of 0.60 mm (Table 1 ). In comparison, the bead displacement distribution on shK8b1 cells was narrower (Fig. 3B) , with a mean value of 0.40 mm (Table 1) , therefore implying that K8/K18 IFs contribute significantly to the H4 cell mechanical stress response at FAs.
We then determined the relationship between K8/K18 IFs and actin-MFs versus MTs in the cell response to mechanical stress at FAs. Accordingly, H4ev cells and shK8b1 cells were exposed to cytochalasin D, a treatment that disrupted the actin-MF network (Fig. S2A) . 2 Upon laser tweezers generated force application, the actin-MF disruption led to larger increases in bead displacements that ended up to be essentially the same for the 2 cell types (Figs. 3C and 3D) , with mean values of 0.96 and 0.98 mm for H4ev cells and shK8b1 cells, respectively (Table 1) . Similarly, exposure of H4ev and shK8b1 cells to nocadazole resulted in MT disruption (Fig. S1B) 2 and yielded comparable, but lesspronounced additional displacements (Figs. 3E and 3F) , with means of 0.72 mm in H4 cells and 0.73 mm in shK8b1 cells (Table 1) . On the whole, it appears that K8/K18 IF involvement in the resistance of H4 cells to mechanical stress at FAs occurs through actin-MFs and to a lesser extent through MTs.
Previous work on the mechanical behavior of FAs, upon application of mechanical stress through ligand-coated beads, revealed a time-dependent FA stiffening that matches with a viscoelastic response characterized by an immediate elastic displacement, followed by a transition to viscousdominant behavior (Matthews et al. 2004) . Using the same experimental strategy, we performed displacement measurements of 40 individually trapped beads on H4ev cells during an 18-s period of stress application, and we demonstrated that the same type of time-dependent viscoelastic response occurs at FAs in K8/K18-containing hepatic epithelial cells (Fig. 4A) . In addition, the loss of K8/K18 IFs in shK8b1 cells revealed an immediate, i.e., <0.2 s, reduction in bead displacements characteristic of a sudden increased in the elastic stiffness of FAs, without significantly affecting their slow viscous behavior over the 18-s period (Fig. 4A) . In contrast, actin-MF and to a lesser extent MT disruption led to prominent decreases in the elastic stiffness of FAs, with little effect on their respective viscous behavior (Figs. 4B and 4C), identifying actin-MFs and MTs as modulators of the time-dependent FA stiffening in both H4ev cells and shK8b1 cells in response to external mechanical stress.
Discussion
The present results show that K8/K18 IFs provide a cytoskeletal network that significantly contributes to the timedependent viscoelastic response occurring at FAs in hepatic epithelial cells, following a stress generated with a laser tweezers mediated force applied on fibronectin-coated beads attached to integrins a5/b1. This K8/K18 IF involvement in the cellular mechanical stress response at FAs occurs through actin-MFs and to a lesser extent through MTs.
Analyses of the mechanical properties of FAs, particularly in terms of their viscoelastic response and membrane stiffness, have been carried out by magnetic twisting of magnetobeads (Wang and Ingber 1995) , trapping beads with laser tweezers (Galbraith et al. 2002; Icard-Arcizet et al. 2008) , and pulling magnetobeads with a magnetic microneedle (Matthews et al. 2004) . Whereas the first technique assesses the FA mechanical features based on population averages from many cells with multiple FAs per cell, the 2 other techniques allow analysis of the individual FA response to mechanical stress. The range in bead displacement observed here in response to mechanical stress generated with a laser tweezers mediated trapping is relatively large, which is in line with the wide variability observed in the maximum displacement, using magnetobead and magnetic microneedle technique (Matthews et al. 2004) . Although no definitive explanation can be provided for such variability at (Fig. S1 in the Supplementary material) 2 and 10 s from a video recording (Video S1 in the Supplementary material) 2 of a bead displacement in response to a mechanical stress, focusing on the bead position relative to the laser tweezers centre (cross; inserts). The bars denote 10 mm.
this time, a few possibilities can be proposed. For instance, FA assembly varies in size and number, thus influencing the local micromechanical properties (Galbraith et al. 2002) . Moreover, minimal variations in vinculin and actin contents in the vicinity of the bead may affect local cell stiffness (Galbraith et al. 2002; Icard-Arcizet et al. 2008; Matthews et al. 2004 ). In addition, the cell monolayer does not constitute a flat surface, implying that the mechanical force on the bead varies with the angle between the surface membrane and the laser tweezers. Still, on the whole, the laser tweezers provides a tool of choice to delineate the K8/K18 IF-mediated modulation of cytoskeletal versus signaling activities at FAs in epithelial cells in response to mechanical stress.
Another line of work has revealed that purified keratin IFs, including K8/K18 IFs, self-organize in solution to form bundles and behave as a viscoelastic network, where an augmentation in their stiffness results from an increased bundle deformation (Yamada et al. 2003) . On this ground, one would expect that following a loss of elastic K8/K18 IFs, shK8b1 cells would exhibit a decreased stiffness at their FAs. Instead, the present data demonstrate an increased stiffness, implying that the mechanical behavior of FAs in hepatic cells, upon application of mechanical stress through ligand-coated beads, is not dependent on the intrinsic mechanical properties of the K8/K18 IFs. Although no definitive alternative can be provided at this time, a possibility is that the loss of K8/K18 IFs perturbs the mechanotransduction triggered at integrins. In this regard, there is ample evidence indicating that the force-induced adhesion strengthening and FA stiffening are mediated by protein kinase signaling (Matthews et al. 2006; Miyamoto et al. 1995) and, accordingly, we propose that K8/K18 loss affects this FA stiffening -cell signaling interaction. In fact, supportive evidence for such K8/K18-dependent short-term signaling events associated with the strengthening behavior of FAs in H4 cells in response to mechanical stress comes from our recent work on the signaling roles of K8/K18 in normal cellular behavior, such as spreading and motility. For instance, we have previously shown that K8-null hepatocytes spread more slowly on a fibronectin substratum, in association with a delayed autophosphorylation of focal adhesion kinase (FAK), a target for integrin b1 signaling in seeding K8-null hepatocytes (Galarneau et al. 2007 ). Moreover, plectin, a scaffold for IFs (Osmanagic-Myers and Wiche 2004), a receptor for activated C kinase 1 (RACK1), a plectin partner (Osmanagic-Myers et al. 2006) , and vinculin, a key FA component, distribute differently in spreading K8-null hepatocytes (Galarneau et al. 2007 ). In addition, our recent data reveal that K8/K18 loss in H4 cells reduces cell spreading and motility in a protein kinase C (PKC)-dependent manner (L. Galarneau and N. Marceau, unpublished results) . On this ground, the present approach using laser tweezers can readily be used to dissect out the interplay between K8/K18 IFs, plectin, PKC, and FAK signaling in the cellular mechanical stress response at FAs in epithelial cells.
The extent to which actin-MFs and MTs are required for the time-dependent modulation of FA stiffening in both H4ev and shK8b1 cells in response to mechanical stress seems to be reminiscent of the importance of FAs in K8/K18 assembly into IFs. Indeed, there is increasing evidence indicating that the assembly of keratins into IFs takes place through IF particle precursors exhibiting either a slow and inward-directed MF-dependent motility or a fast and bidirectional MT-dependent migration (Windoffer et al. 2006) . Moreover, since the earliest keratin particle precursors originate from FAs, it appears that these integrin-targeted membrane domains direct the keratin assembly machinery to cytoplasmic areas that require rapid localized IF reorganization. In addition, this dynamic IF formation process implicates talin (Windoffer et al. 2006) , and likely its partner vinculin, as key modulators of keratin IF reorganization at integrin-containing FAs. Notably, talin and vinculin also act as mechanical linkers for the transmission of an integrin-transduced stress to the actin-MF network, which in turn is known to interact with MTs through the participation of the cytoskeletal linker plectin (Osmanagic-Myers and Wiche 2004) . How this mechanotransduction taking place at integrins can interplay with the K8/K18/plectin-enclosed signaling platform (Galarneau et al. 2007; Osmanagic-Myers et al. 2006) in the cellular mechanical stress response at FAs in epithelial cells constitutes a challenging issue. 
